Summary. This paper reviews the mechanism of sex hormone actions on the thymus, presenting mainly our data obtained at the cellular and molecular levels. First, data supporting the "genomic" action via the nuclear sex hormone receptor complexes are as follows: 1) sex hormone receptors and the thymic factor (thymulin) are co-localized in thymic epithelial cells, but not in T cells; 2) production/expression of thymic factors (thymulin, thymosin a1) are remarkably inhibited by sex hormone treatment; 3) sex hormones cause changes in T cell subpopulations in the thymus; and 4) sex hormones strongly influence the development of thymus tumors in spontaneous thymoma BUF/Mna rats through their receptor within the tumor cells. Secondly, data indicating the "non-genomic" action of sex hormones via a membrane signal-generating mechanism are as follows: 1) the proliferation/maturation of thymic epithelial cells is mediated through protein kinase C activity introduced by sex hormones; 2) sex hormones directly influence DNA synthesis and cdc2 kinase (cell cyclepromoting factor) activity.
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Numerous studies have implicated that sex hormones can modulate immune responses in the mammalian thymus (ANSAR-AHMED et al., 1985; STHOEGER et al., 1988) . These studies first focused on the mechanism of sex hormone receptors within this organ (FUJII-HANAMOTO et al., 1985; STIMSON, 1988) . According to the current hypothesis of the sex hormone receptor mechanism, i. e. the 'genomic' action of sex hormone mechanism (THOMPSON and Moss, 1994; MENDOZA et al., 1995) , sex hormones diffuse across the plasma membrane of target cells and bind to intracellular receptor proteins. The sex hormone-receptor complexes then bind to nuclear chromatins and regulate gene expression (CARSON-JURICA et al., 1990) , with the consequent synthesis of proteins such as thymulin and thymosins (SAVING et al., 1982 (SAVING et al., , 1988 SEIKI et al., 1988; KAWASHIMA et al., 1991) . We have demonstrated that sex hormone receptors are present in the thymic epithelial cells which produce thymic hormones such as thymulin (SAKABE et al., 1986; SEIKI et al., 1988; KAWASHIMA et al., 1991) and shown the possibility that sex hormones influence thymocyte differentiation indirectly via their receptors within thymic epithelial cells (KAWASHIMA et al., 1990b) .
However, the genomic action of the sex hormone mechanism does not explain all the functions of sex hormones. Recent studies indicate that some cellular responses induced by sex hormones are 'non-genomic' in nature, being triggered by a signal-generating mechanism on the cell surface of target cells. For example, DARBON et al. (1986) and BIGNON et al. (1990) demonstrated that protein kinase C activity was induced by estrogen treatment in the estrogensensitive human breast cancer MCF-7 cell line. We also showed that protein kinase C activity in the thymic epithelial cells (IT-45R1 cell line) was induced in vitro by progesterone and androgen, but not by estrogen, with a consequent induction and/or reduction of the proliferation of thymic epithelial cells (SAKABE et al., 1994a) .
This review, showing mainly our up-to-date experimental data, aims to deal with various profiles of sex hormone actions in the thymus, especially in relation to thymic factor synthesis and T cell differentiation. immunohistochemically in the thymus from castrated and estrogen-treated female rats (KAWASHIMA et al., 1991 (KAWASHIMA et al., , 1992 (Fig. 1) . Estrogen receptor-containing cells (Fig. 1a) are mainly distributed in the subcapsular region and medulla, although a few positive cells are also found in the cortical region. FTS-immunoreactive cells are, on the other hand, located exclusively in the medulla as well as in the subcapsular region ( Fig. lb) . At higher magnifications of immunohistochemically stained serial sections of the medulla and subcapsular regions, estrogen receptor-containing cells appear medium or large in size with dendritic cell processes, corresponding in structure and location to the FTS-stained cells, with the exception of some inconsistent cells. (GROSSMAN et al., 1979) and progesterone receptor (FUJII-HANAMOTO et al., 1985; SAKABE et al., 1986; SEIKI et al., 1988) in the thymic epithelial cells. SAKABE et al. (1986) and SEIKI et al. (1988) also demonstrated that progesterone receptorcontaining cells distributed in the subcapsular region and medulla were FTS-immunoreactive.
It thus is clear that sex hormones exert their effects through their receptors within thymic epithelial cells. Our findings also suggest that at least estrogen and progesterone are concerned with the production of thymic factors such as FTS.
In our successive experiments, we tried to determine the expression period of the estrogen receptor in the human fetal thymus in relation to the detection of FTS in this tissue (Table 1) (SAKABE et al., 1993 FTS concentration in the serum from estrogen-treated mice by enzyme-linked immunosorbent assay (KAWA-SHIMA et al., 1990a) . Estrogen treatment causes a remarkable decrease in FTS content, indicating that FTS concentration is really regulated by estrogen as a potent inhibitor. We then measured thymosin al (TMA1)-mRNA expression by an in situ hybridization technique using cultured thymic epithelial cells (HE et al., 1996) . The degree of TMA1-mRNA expression is found to decrease significantly when estrogen concentrations increase over 3x10-12M and androgen over 3x10-12M, respectively (Fig. 5) . These results indicate that estrogen and androgen directly modulate thymic epithelial cells to enhance the production of thymic factors, FTS and TMA1.
C. Influence of sex hormones on T cell subpopulation
The effect of estrogen on T cell subpopulation in the thymus has also been examined in castrated C57BL/ 6N Jcl female mice treated with estrogen by flow cytometric technique (KAWASHIMA et al., 1990b (KAWASHIMA et al., , 1995 . Estrogen treatment brings about a significant increase in the number of CD4+CD8-(helper/inducer) cells, while it significantly reduces the number of CD4+CD8+ (double positive) cells in the thymus. No significant changes in CD4-CD8+ (suppressor/cytotoxic) and CD4-CD8-(double negative) cell subsets can be detected. These findings suggest that estrogen influences the T cell maturation at certain stages in the thymus.
d. Influence of sex hormones on the development of thymus tumor
We further examined the effect of sex hormones on the development of the thymus tumor using spontaneous thymoma BUF/Mna rats which bear dominant tumorigenic gene Tsr-1 (SAKABE et al., 1994b) . Histologically, the cortical area in the typical thymoma expands at remarkable increments both of lymphocytes and tumor cells, whereas the medullary area becomes narrow and segmented like small islets in the enlarged cortical area. The cortical tumor cells forming the cellular complex with lymphocytes are immunostained with the anti-cytokeratin antibody, indicating that these cells are epithelial in nature.
Our findings using the BUF/Mna rats are summarized as follows: 1) In females, prepubertal ovariectomy strongly induces thymomagenesis, which is almost completely inhibited by estrogen compensation. In males, however, neither orchidectomy nor androgen compensation affects the tumor growth at all; 2) neither prepubertal castration nor the administration of androgen to males and estrogen to females induces a change in the general structure of thymoma apart from reduced tissue size; and 3) the levels of androgen and estrogen receptors in both sexes decrease with age after the onset of thymoma (i.e., 9 months of age). Meanwhile, neither prepubertal orchidectomy nor androgen compensation affects the androgen receptor level. However, ovariectomy decreases the estrogen receptor level, which is almost completely restored by estrogen (Fig. 6) . These results clearly (From SAKABE et al., 1992 , 1994a Fig. 6. Effect of castration and sex hormone compensation on sex hormone receptors in thymoma from 10-month-old animals treated in the same manner as in Figure 7 . AR androgen receptor, ER estrogen receptor. Number of animals in each column=4. *P<0.01, as compared with values of sham-operated controls. (From SAKABE et al., 1994b) AR in males ER in females demonstrate that estrogen actually inhibits thymomagenesis, whereas androgen is not directly involved in tumor growth in the thymus. The present results also suggest that, once thymomagenesis is induced, the tumor cells lose their sensitivity to androgen and estrogen, resulting in automatic differentiation and/ or proliferation according to the processes programmed by the dominant gene Tsr-1.
Sex Hormone Effect in vitro on Immunocompetent Cells a. Proliferation and function of thymic epithelial cells
Using a rat thymic epithelial cell line (IT-45R1), we first examined the mechanism of sex hormone effect on the proliferation of thymic epithelial cells (SAKABE et al., 1992 (SAKABE et al., , 1994a . Proliferation of thymic epithelial cells is found to be inhibited for long periods (9 days or more) in the charcoal dextran-stripped serum. However, the epithelial cells remain viable because they proliferate when androgen or progesterone is added to this medium. The inhibitory effect of the serum is reversed with the addition of androgen or progesterone in a biphasic manner, depending on the hormone concentration (Fig. 7) . On the contrary, the inhibitory effect of the serum is not reversed by estrogen at all. In addition, the proliferation of thymic epithelial cells in response to androgen or progesterone is mediated through protein kinase C activity introduced by the interaction between the sex hormone and plasma-borne inhibitors. Therefore, the strong androgen-or progesterone-induced inhibition of thymic epithelial cell proliferation might be mediated through a sex hormone receptor-mediated pathway. We also then examined the effect of growth factors-such as epidermal growth factor combined with sex hormones-on cell growth. The mixture of growth factors, epidermal growth factor, insulin and/ or transf errin does not affect the proliferation yield of these cells. Thus, plasma-borne inhibitors appear to play a significant role in thymic epithelial cell proliferation, and progesterone and androgen cancel their inhibitory effect, whereas estrogen does not cancel it. This inhibitory response is probably a crucial event accounting for the involution of the thymus after puberty, during pregnancy and when aged.
b. Proliferation and function of T cells
Finally, the effects of sex hormones on cytoplasmic signal generation were examined using phytohemagglutinin (PHA) -stimulated peripheral blood T cells from the rat (SAKAI et al., 1995) . The PHA-stimulated peripheral blood T cell bears a relatively high protein kinase C activity, while this enzyme activity is significantly reduced by estrogen and androgen (Table 2) . Table 2 indicates that the degree of suppression by these hormones of protein kinase C activity in PHA-stimulated peripheral blood T cell is a 68% reduction by estrogen and 59% by androgen, respectively.
PHA-treated peripheral blood T cell extract shows a remarkable increase in DNA synthetic activity of isolated frog spleen cells, as compared to that in PHA-free peripheral blood T cell extract (SAKAI et al., 1995) . In contrast, the DNA synthetic activity of the frog spleen cells is significantly reduced by androgen and estrogen. The PHA-free peripheral blood T cell extract does nothing but bring about a minimal induction of DNA synthetic activity. Futhermore, immunoblots of PHA-stimulated murine peripheral blood T cell extracts clearly show that the peripheral blood T cells incubated with PHA alone strongly express cdc2 kinase activity, a factor promoting the cell cycle at the mitotic phase. However, this cdc2 kinase expression is markedly reduced by androgen and estrogen, depending on the kind of sex hormones added. It is, therefore, evident that androgen and estrogen deeply affect the mechanisms of not only DNA synthesis but also mitosis in PHA-stimulated peripheral blood T cells. *percent suppression of protein kinase C activity was calculated as (1-observed/expected) x100, where "expected" is PHA alone (mean ng), and "observed" is PHA plus estradiol-17B (E2B) or 5a-dihydrotestosterone (DHT). **P<0.005, as compared with PHA alone. (From SAKAI et al., 1995) 3. Closing Remarks Centering mainly around our up-to-date data obtained from studies performed at cellular and/or molecular levels, this review has attempted to clarify the mechanism of sex hormone actions on the thymus. As mentioned above, some data strongly support the idea that the sex hormone-induced cellular responses are 'genomic' via the nuclear sex hormone-receptor complexes, whereas others suggest that the responses are 'non-genomic' via membrane signal-generating mechanism. Therefore, we are at present unable to draw a conclusion concerning the precise mechanisms through which sex hormones affect the target organ, the thymus.
